IMPORTANCE Hutchinson-Gilford progeria syndrome (HGPS) is an extremely rare fatal premature aging disease. There is no approved treatment.
H utchinson-Gilford progeria syndrome (HGPS) is an extremely rare, fatal, autosomal dominant segmental premature aging disease, 1 with an estimated incidence of 1 per 4 million births 2 and a prevalence of 1 in 20 million living individuals. 3 It has no sex, ethnic, or regional predisposition.
Morbidity includes failure to thrive, generalized lipodystrophy, alopecia, bone dysplasia, and progressive atherosclerosis leading to cardiac disease and stroke. 1 There are no established biochemical biomarkers that predict clinical benefit in HGPS. Neither serum cholesterol nor high-sensitivity C-reactive protein levels are elevated in this disease. 4 Mortality is caused primarily by heart failure at a mean age of 14.6 years. 5 Hutchinson-Gilford progeria syndrome is caused by single base pathogenic variants in the LMNA gene 6, 7 that activate a cryptic splice site and result in the production of a farnesylated mutant lamin A protein called progerin ( Figure 1 ). 7 Lamin A, an inner nuclear membrane protein, is crucial to many cellular functions. 8 Persistent farnesylation of the mutant protein 7 causes it to intercalate into the inner nuclear membrane, where it accumulates and exerts damage to cells as they age. 9 Preclinical studies with protein farnesyltransferase inhibitors have yielded improved disease phenotypes. 10 No drugs are approved for the treatment of HGPS. Two phase 2 single-group treatment trials have evaluated monotherapy with the farnesyltransferase inhibitor lonafarnib. In treatment trial 1 (ProLon1), lonafarnib was well tolerated. 11 Rate of weight gain, arterial pulse wave velocity, carotid artery echodensity, skeletal rigidity, and sensorineural hearing were improved. Preliminary evidence of decreased rates of strokes, headaches, and seizures was also reported. 12 Lipodystrophy, skin features, alopecia, and joint contractures were unaffected, underscoring that lonafarnib treats some aspects of disease but is not a cure for HGPS. 11 Treatment trial 2 (ProLon2) has completed accrual and is ongoing (https://clinicaltrials.gov/show/NCT000916747). Neither trial has evaluated mortality as an outcome measure. The current study assessed the association between lonafarnib monotherapy and mortality rate compared with no treatment.
Methods

General Study Design and Approvals
This observational cohort study compared treated patients with contemporaneous untreated participants. The study was approved by the institutional review board of Rhode Island Hospital, Providence. Data were compiled at the Brown bxUniversity Center for Gerontology and Healthcare Research, Providence, Rhode Island (L.B.G., J.B., and S.E.C.), and data analysis was performed at Boston University (H.S., J.M., and R.B.D.). Some data were obtained through a Data Use Agreement among The Progeria Research Foundation, Rhode Island Hospital, and Brown University, for which patient consent was not required, as approved by the institutional review board. Patients in the full natural history cohort were born between 1876 and 2015. The earliest patient observation for both the treated cohorts and the untreated contemporaneous controls used in treatment mortality analyses was in 1991. The study data inclusion cutoff date was January 1, 2018.
Participants
Study patients and their associated data were identified using The Progeria Research Foundation International Registry, Diagnostics Program, and Medical and Research Database as well as published scientific and news articles and publicly available databases ( Figure 2 ). [13] [14] [15] Of 258 total patients in the complete natural history cohort, 211 were identified from the Progeria Research Foundation International Registry. Among these 211 patients, some inclusion data from other Progeria Research Foundation programs were also used in 42 patients and some inclusion data from public data sources were also used in 37 patients. Forty-seven patients' study inclusion information was derived purely from scientific publications. When applicable, consent was obtained in the language of the participant. Minimum inclusion criteria were HGPS phenotype confirmation by study investigators and information on living age or age at death. Hutchinson-Gilford progeria syndrome has a highly consistent phenotype that can be reliably differentiated from non-progerin-producing progeroid laminopathies using pathognomonic physical findings. 16 Although exclusion of non-progerin-producing laminopathies is reliably accomplished using phenotype in the absence of genotype, 16 instances in which the splicing mutation yields very low levels of progerin result in a clinically different phenotype, which is not categorized as HGPS. 17,18 Such patients were excluded from the analysis. Additional data collected included sex, country of origin, cause of death, and genotype, when available. Untreated patients received no clinical trial medications. The treated cohort was derived from the 2 treatment trials, conducted at Boston Children's Hospital, where lonafarnib (Merck) monotherapy was administered to children with HGPS ( Figure 2 ). Trial participants had not previously been enrolled in any clinical treatment trial and had not received HGPS-specific medications. 
Treatment
Selection bias for trial inclusion was minimized because inclusion was facilitated for all identified patients, including those who eventually enrolled and those who did not. Facilitation included access to logistical assistance, no-cost availability of genetic testing, interpreters, and coverage of trial-related expenses for travel, lodging, research testing, and medications. 
Outcomes
The primary study outcome was all-cause mortality. First, in a natural history study, all-cause mortality was assessed in untreated children. Second, mortality was compared between untreated and lonafarnib-treated children enrolled in treatment trial 1. A secondary analysis compared mortality Two hundred fifty-eight patients were used to construct the untreated natural history analysis (panel A). Of these, 87 patients were both contemporaneous with the treatment trial patients and not included in a treatment trial at any time. To compare mortality rates among treated vs untreated patients, random matching was performed whereby (panel B) 27 patients from treatment trial 1, 63 patients from treatment trial 1 plus treatment trial 2, and 36 patients from treatment trial 2 were randomly matched on age, sex, and continent of residency in 3 separate analyses. between untreated children and children enrolled in both trials combined. A post hoc secondary analysis compared mortality between untreated children and participants in the ongoing second treatment trial. Cause of death was also assessed.
Statistical Analysis
Demographic characteristics are reported using counts with percentages for dichotomous outcomes and using means with standard deviations and medians with interquartile ranges (IQRs) for continuous outcomes.
To estimate survival age for untreated children with HGPS, a Kaplan-Meier survival curve was generated (follow-up started at birth) with the full untreated cohort plus treatment trial participants censored at the time of treatment initiation. Untreated patients who were living at the start of data analysis and patients from a published report who were living at the time of the report but then lost to follow-up were censored at the time of last known age.
Comparisons of Kaplan-Meier survival curves between subgroups were performed for (1) male vs female patients; (2) all patients with dates of birth before 1991 vs during or after 1991; and (3) patients with genetic diagnoses vs unknown progerin-producing LMNA mutation information. The first 2 subgroup analyses were performed with the full untreated cohort plus treatment trial participants censored at the time of treatment initiation. For the subgroup analysis of known vs unknown genetic diagnoses, treatment trial patients were excluded to avoid inherent bias because 100% of trial patients had known genetic information (a trial inclusion criterion) compared with 40.5% of untreated patients.
To compare mortality rates among children treated in treatment trial 1 vs among untreated children, treated children were first matched to untreated children by age, sex, and continent of residency to control for potential confounding. For every treated patient, all untreated patients of the same sex and from the same continent of residency who were alive at the age when the treated patient began lonafarnib were identified. From this group of untreated patients, 1 was randomly selected and used as the matched untreated patient in the analysis; that patient was then no longer available for matching. Follow-up began at the age at treatment initiation for the treated patient in the matched pair. This is similar to the matched design approach discussed by Li et al. 20 Kaplan-Meier mortality estimates for treated and untreated matched groups are presented. Unadjusted Cox proportional hazards regression, conditioned on the matched pair, was used to compare treated and untreated matched groups on mortality rate after matching and was used to calculate unadjusted hazard ratios (HRs) and their 2-sided 95% confidence intervals for mortality in treated vs untreated patients. Treated patients who were living at completion of the first treatment trial were censored at that time (2-2.5 years following treatment initiation). When the treated patient in a matched pair was censored, his/her untreated match was censored at the same length of follow-up. If any patient in the matched pair was lost to follow-up, the corresponding match was censored at the same follow-up time, and logistic regression multiple imputation was used to impute death status at the end of follow-up for both patients in the matched pair prior to carrying out Cox regression. 21 The logistic regression imputation model included sex, continent of residency, age at start of follow-up, and treatment status (treated or untreated) as predictors. Ten data sets were imputed, and the conditional unadjusted Cox regression was used to compare treated vs untreated patients on mortality within each imputed data set. The 10 treatment β coefficients and their standard errors were combined across the 10 imputed data sets using the method described by Rubin 21 to create 1 overall treatment β coefficient and standard errors. These were used to generate the overall P value assessing treatment effect and the confidence interval of the β coefficient. The confidence interval and β coefficient were then exponentiated to create the HR and 2-sided 95% confidence interval for treated vs untreated patients. The proportional hazards assumption was assessed within each imputed data set using the Kolmogorov-type supremum test (and the proportional hazards assumption was always met with a nonsignificant P≥.20). Two secondary analyses were performed. The first was prespecified and compared survival among participants from both trials combined with a 1-to-1 matched set of untreated children. Once matching was complete, multiply imputed unadjusted conditional Cox proportional hazards regressions were performed for each study separately, and the final imputed treatment β coefficient and standard error from each study were combined using a random-effects meta-analysis. A post hoc secondary analysis was carried out in participants from treatment trial 2 in the same manner as participants in treatment trial 1; follow-up of patients in treatment trial 2 is not complete and these results are preliminary. In all cases, the proportional hazards assumption was always met (P > .20).
Sensitivity analyses were conducted by repeating the above described analyses but removing or censoring patients with confounding factors. Specifically, 2 patients who intended to enroll in treatment trial 1 but could not because of health issues were omitted from the untreated group; and 1 patient in the treated group in treatment trial 1 who received clinical care at the trial hospital site was censored at age 18.4 years when care was administered.
Statistical analyses were carried out using SAS software, version 9.4 (SAS Institute Inc). P values were 2-sided and deemed significant at P<.05.
Results
Patient Characteristics
Characteristics of the patient groups are presented in the Table. All participants were positive for the HGPS phenotype. All known mutations were progerin producing. The untreated group (n = 195) consisted of 179 patients who never received treatment in a clinical trial plus pretreatment follow-up data from 16 patients who received treatment in a clinical trial not involving lonafarnib monotherapy. 19 The untreated group was 47.7% female, and continent of origin in descending frequency was North America, Asia, Europe, South America, Africa, and Australia; the genotype was known for 79 untreated patients (40.5%). The lonafarnib-treated group (100% of clinical trial patients; n = 63) was born in 1991 or later and was 47.6% female (n = 30). The median age at start of treatment was 6.5 (IQR, 3.7-9.0) years; continent of origin in 16 were treated in a separate combination therapy trial and were included in the overall assessment of untreated survival ( Figure 3, A and B) , in which they were censored at the time of combination trial treatment initiation; these 16 patients were not included in any analyses comparing lonafarnib-treated with completely untreated patients in this investigation.
c Data not applicable (NA) because not all untreated patients were included in the matched treated vs untreated analysis (born before 1991 or not matched to an untreated patient); hence, age at start of follow-up in treated vs untreated comparisons is not applicable for the populations that contain all untreated patients. In Figure 3A (overall untreated survival), these patients, as with all patients described in Figure 3 , were followed up from birth.
d Patients with known genotype.
e For 5 of 27 treated patients in the treatment trial 1 analysis, 16 of 63 treated patients in the treatment trial 1 + treatment trial 2 analysis, and 4 of 36 treated patients in the treatment trial 2 analysis, an exact match on continent of residency could not be found, so the requirement for matching on continent was relaxed for these patients; the overall distribution of continents between the treated and untreated groups was still similar (P Ն .20).
descending frequency was North America, Asia, South America, Europe, Africa, and Australia; the genotype was known for all 63 treated patients (100%). Figure 3A presents the Kaplan-Meier survival curve for untreated HGPS patients plus treated patients censored at treatment initiation, with follow-up starting at birth (n = 258). Of these, 124 (48.1%) died. Mean and median survival ages were 14.5 years and 14.6 years, respectively. There was no significant difference in untreated patient mortality rates for (1) female vs male patients (HR, 1.42; 95% CI, 0.98-2.04; P = .06) (eFigure, A, in the Supplement); (2) patients with dates of birth before 1991 vs during or after 1991 (HR, 0.78; 95% CI, 0.53-1.14; P = .20) (eFigure, B, in the Supplement); and (3) completely untreated patients with known genetic diagnoses vs with unknown progerin-producing LMNA mutation information (HR, 1.33; 95% CI, 0.91-1.93; P = .14) (eFigure, C, in the Supplement).
Mortality Rate Among Untreated Patients
Association Between Lonafarnib Treatment and Mortality Rate
There were 103 contemporaneous completely untreated patients. Data for 94 (91.3%) of the 103 untreated patients and 100% of the treated patients were derived from The Progeria Research Foundation International Registry; data for 9 (8.7%) of the 103 completely untreated patients were derived from scientific publications. In treatment trial 1, the median age at start of follow-up was 8.4 (IQR, 4.8-9.5) years. Treatment was associated with a lower mortality rate among the treated cohort vs the untreated cohort ( Figure 3B ). There was 1 death (3.7%) among 27 patients in the treated group and there were 9 deaths (33.3%) among 27 patients in the matched untreated group. The conditional unadjusted HR for mortality rates of treated vs untreated patients was 0.12 (95% CI, 0.01-0.93; P = .04). One untreated patient did not have complete follow-up, so that patient and the corresponding matched patient were included in the analysis via multiple imputation. Median follow-up time was 2.2 (IQR, 1.9-2.2) years for treated patients and 2.1 (IQR, 1.0-2.2) years for untreated patients.
For the secondary outcome analysis of the combined trials (median age, 6.5 [IQR, 3.7-9.0] years at start of follow-up), mortality was statistically significantly lower in treated patients vs matched untreated patients ( Figure 3C ). There were 4 deaths (6.3%) among 63 patients in the treated group and 17 deaths (27.0%) among 63 patients in the matched untreated group. The random-effects meta-analytical conditional HR for treated vs matched untreated patients across the 2 studies was 0.23 (95% CI, 0.06-0.90; P = .04). Two untreated patients did not have complete follow-up and were included in the analysis via multiple imputation. Median follow-up time was 2.2 (IQR, 1.4-2.3) years for treated patients and 1.7 (IQR, 0.6-2.2) years for untreated patients.
For the post hoc analysis of treatment trial 2 (median age, 5.2 [IQR, 3.6-8.4 ] years at start of follow-up), there were 3 deaths (8.3%) among 36 patients in the treated group, and 8 deaths (22.2%) among 36 patients in the matched untreated group ( Figure 3D ). There was no significant difference in mortality between treated and untreated patients (HR, 0.33; 95% CI, 0.07-1.59; P = .17). Two untreated and 3 treated patients did not have complete follow-up, and these patients and their matches were included in the analysis via multiple imputation. Median follow-up time was 2.0 (IQR, 1.3-2.5) years for treated patients and 1.9 (IQR, 1.0-2.4) years for untreated patients.
Results of prespecified sensitivity analyses omitting 2 patients from the untreated group who intended to enroll in treatment trial 1 but could not because of health issues, plus censoring 1 patient in the treated group at age 18.4 years when clinical care was administered, yielded similar HRs and P values: HR, 0.09 (95% CI, 0.01-0.70; P = .04) for treatment trial 1; HR, 0.11 (95% CI, 0.03-0.47; P = .01) for the combined trials; and HR, 0.33 (95% CI, 0.07-1.59; P = .17) for treatment trial 2.
Causes of Death
Cause of death was identified in 69 (55%) of 124 deceased untreated patients. Among these 69 deaths, 55 (80%) were due to heart failure; 5 of these were additionally precipitated by superimposed respiratory infection, 1 by complications of surgery, and 1 by a concurrent stroke. Six deaths (9%) were due to head injury. Three deaths (4%) were due to complications of surgery, 2 by cardiac failure possibly precipitated by general anesthesia and 1 by respiratory arrest. Two deaths (3%) were due to stroke, 2 (3%) to trauma from motor vehicle crashes, and 1 (1%) to complications of gastroenteritis and pneumonia.
Cause of death was identified in 4 (100%) of 4 treated patients: 3 (75%) due to heart failure, 1 of which was additionally precipitated by superimposed infectious gastroenteritis, and 1 (25%) due to stroke.
Discussion
Among patients with HGPS, lonafarnib monotherapy compared with no treatment was associated with lower mortality after 2.2 years of follow-up. Association with a lower mortality rate was observed both within a single trial cohort and when additional patients were added from a separate currently ongoing lonafarnib monotherapy trial. Several strategies were used to minimize sample bias. Cohorts were matched on age at treatment initiation, sex, and continent of residency, and analyses were conditioned on the matched pair. Matching was contemporaneous such that medical care was similarly available for both the treated and untreated groups. In addition, untreated matching for each of the 2 main analyses (treatment trial 1 and the combined trials) was performed independently such that the matching process was repeated separately for each analysis. A series of sensitivity and subgroup analyses in both the untreated and treated cohorts was also performed; none showed significance.
A previous evaluation of the drug combination of lonafarnib, pravastatin, and zoledronic acid showed an association with a lower mortality rate in patients with HGPS. 5 However, the relative influences of these 3 drugs were not evaluated and are crucial to decisions regarding which medication(s) should be administered to potentially lower mortality in this fatal disease. Because children with HGPS die of premature atherosclerosis, the lower mortality rate may have been attributable to cardiovascular and possibly cerebrovascular benefit. This premise is supported by treatment trial 1 showing evidence of decreased carotid-femoral pulse wave velocity, carotid artery wall echodensity, stroke incidence, headache, and seizures.
11,12
Limitations
This study had several limitations. First, because of the extreme rarity of the disease, the sample sizes were small, resulting in wide confidence intervals. However, in the primary and larger cohort secondary analyses, the lower mortality rate was statistically significant. Although the raw number of deaths was lower in the treated matched group, sensitivity analysis of the ongoing treatment trial alone was not significant. Second, this was a cohort study with contemporaneous controls, in which data were gathered from 2 separate clinical trials and an external untreated control group. For this fatal pediatric disease with no known treatments, only single-group clinical trials have been conducted to date because of ethical considerations and are therefore the sole source of data to demonstrate safety and efficacy of any potential new treatment. Although the current study design was prespecified, mortality rate was not an end point within either clinical trial because of the lack of an untreated control group within the trials. Nonetheless, the combination of a well-defined end point (survival) and a wellmatched contemporaneous historical control group has become acceptable for drug evaluation in other pediatric rare diseases that lack controlled trials. 20, 22 Third, because of the rarity of this disease, the contemporaneous control and treated groups spanned similar birth years rather than each case being matched to a control by birth year. Given that a case-by-case match was achieved for sex and continent of residency, it is unlikely that this type of matching would have altered the results. Fourth, because this was not a randomized study, there is likely to be residual confounding. Fifth, monotherapy was conducted for a maximum of 2.5 years. 5, 11 Longer-term effects on mortality rate would be valuable to study given the potential for lifelong treatment with lonafarnib.
Conclusions
Among patients with HGPS, lonafarnib monotherapy, compared with no treatment, was associated with a lower mortality rate after 2.2 years of follow-up. Study interpretation is limited by its observational design. 
